Introduction
Lactic acid, which contains both hydroxyl and carboxyl moieties and has one chiral carbon atom, is an important organic acid which is widely used in the food, pharmaceutical, and cosmetic industries (Ray and Sandine, +33, ; Litchfield, +330) . Moreover, lactic acid can be polymerized to form the biodegradable and recyclable polyester poly (lactic acid), which may play an increasing role in solving a world-wide environmental problem (Datta et al., +33/ ; Yin et al., ,*** ; Stevens, ,**,). Poly (lactic acid) is a potential substitute for plastics manufactured from petroleum derivatives. Highly optically pure lactic acid is necessary to obtain highly crystalline poly(lactic acid), on which the high strength and chemical and heat resistance of the polymer (Lunt, +332) are based. Lactic acid can be produced commercially either by chemical synthesis from acetaldehyde and hydrogen cyanide or by microbial fermentation. Synthetic production results in a racemic mixture of the two isomers, while fermentative production can yield a racemate or either form alone, depending on the microorganism, substrate, and growth conditions used. Many researchers have conducted extensive investigations into methods of enhancing the productivity and economy of the processes for producing optically pure lactic acid, including use of cheap raw materials (Luo et One of the most serious problems associated with the biological production of lactic acid is the high cost of raw materials such as starch, which represent a large portion of the production price (Datta et al., +33/ ; A Õkerberg and Zacchi, ,***). Recently, in order to reduce the cost of raw materials for lactic acid and concurrently convert wastes to useful substances, many researchers have investigated the possibility of producing lactic acid from waste products, such as whey permeate (Tejayadi and Cheryan, +33/; ῌyaas et al., +330 ; Senthuran et al., +331) , beet molasses (Monteagudo and Aldavero, +333), bakery waste (Oda et al., +331) , waste water from paper (Schmidt and Padukone, +331) and potatoes (Huang et al., ,**-) , agricultural wastes (Garde et al., ,**, ; Rivas et al., ,**. ; Naveena et al., ,**/), and food waste (Sakai et al., ,**.) . In particular, the utilization of agricultural by-products for lactic acid production is attractive because of their low price and high polysaccharide contents.
Rice bran, which is the cheap residue obtained from brown rice during the polishing process, is one of the most abundant agricultural by-products in Japan. From the quantity of 2.1-῍+* 0 t of rice produced in ,**. (Ministry of Agriculture, Forestry, and Fisheries of Japan, ,**.) and the weight ratio of bran to whole brown rice (about +*῍), the annual amount of rice bran produced in Japan may be estimated at about 2.1῍+* / t. After rice oil has been squeezed out, the residual defatted rice bran contains large amounts of starchy and cellulosic polysaccharides. Enzymatic or chemical hydrolysis is necessary to allow lactic acid bacteria to utilize the polysaccharides as carbon sources. Recently, the process of simultaneous saccharification and fermentation (SSF) has been shown to reduce the time and number of steps involved in bioprocesses for the production of lactic acid and ethanol from starchy and cellulosic biomass (Moldes et al., ,*** ; Stenberg et al., ,*** ; Nakamura et al., ,**,). It is known that minimal preprocessing and supplying of nutrients to a substrate consisting of inexpensive waste materials should be to great advantage in reducing the cost of production of lactic acid. It is very di$cult to sterilize solid materials such as rice bran ; much heat energy is required for complete sterilization prior to use as a substrate in SSF. In a previous report, we described a process of D-lactic acid production from polysaccharides in defatted rice bran by SSF in which the requirement for sterilization was bypassed by maintaining the pH of the MRS medium (De Man et al., +30*) at a low level to suppress the growth of indigenous bacteria in the bran (Tanaka et al., , **0) .
In the present study, in order to produce L-lactic acid from polysaccharides in defatted rice bran by SSF without sterilization, we selected lactic acid bacteria which were optimal in terms of growth rate at a low pH, yield of lactic acid from glucose, and optical purity of lactic acid produced. Since rice bran not only contains a large amount of polysaccharides but is also +2῍ protein, defatted rice bran may play a role as a nitrogen source necessary for production of lactic acid in a reasonable time. We have also produced L-lactic acid by SSF from unsterilized defatted rice bran by maintenance of the pH of the medium at a low level and providing no additional nutrients except for bu#er constituents.
Materials and Methods
Microorganisms and defatted rice bran Twenty-one strains of lactic acid bacteria isolated from di#erent places in Japan were used for production of L-lactic acid. Defatted rice bran powder was received as a gift from Nagaoka Yuryo Co., Nagaoka, Japan. The components of rice bran are starch and dextrin (.0.1῍), cellulose and hemicellulose (++.-῍), protein (+2..῍), lipid (+..῍), ash (+*..῍), and others (++.2῍), as described previously (Tanaka, , **0) .
Growth properties of lactic acid bacteria Lactic acid bacteria were cultivated at -1῎ in +* cm -of modified MRS medium (pH 0.2) (de Man et al., +30*) supplemented with +* kg m ῌ-of glucose in a test tube with a butyl rubber stopper. The modified MRS medium contained +* kg of Polypepton (Nihon Pharmaceuticals, Tokyo, Japan), +* kg of fish meat extract (#*+,-*, Kyokuto Pharmaceutical Industrial, Tokyo), / kg of yeast extract (Oriental Yeast, Tokyo), , kg of K,HPO., , kg of diammonium hydrogen citrate, *., kg of MgSO.ῌ1H,O, *.*/ kg of MnSO.ῌ.H,O, and + kg of Tween 2* per m -. The test tubes were used for preparing seed culture and for evaluating the growth properties of lactic acid bacteria. The seed culture was allowed to grow for +, hr to reach the logarithmic growth phase, and the cells were then added to the medium at an initial optical density (OD) of *.+ at a wavelength of 00* nm. The growth properties examined were not only lactic acid yield from glucose and optical purity of lactic acid produced but also specific growth rate at pH ../. Lactic acid yield and optical purity were determined using culture broth obtained after cultivation for ,. hr. The specific growth rate was calculated on the basis of an initial increase in cell concentration.
Lactic acid production by SSF In this study, an enzyme mixture of 0.1 g m ῌ-amylase (Dabiase K-,1, Nagase ChemteX, Osaka, Japan) and -.-g m ῌ-cellulase (Cellulase Y-NC, Yakult Pharmaceutical Industry, Tokyo, Japan) were used to saccharify the polysaccharides in the rice bran as described previously (Tanaka et al., ,**0). The optimal pH values of the amylase and cellulase were ../ and ..*, respectively, according to the manufacturers' data. Lactic acid bacteria were cultivated in a +-dm -bioreactor (TEJC-S+J, Chiyoda Seisakusho, Nagano, Japan) containing *.1 dm -modified MRS medium without sterilization. The initial pH of the medium was adjusted to ../ using . N NaOH or . N HCl solution. The medium was supplemented with +** kg m ῌ-unsterilized rice bran as a carbon source. The seed culture for the bioreactor was allowed to grow for +, hr to reach the logarithmic growth phase, as described above. The cells were then added to the medium at an initial OD of *.+ at a wavelength of 00* nm, and the mixed enzyme solution of amylase and cellulase described above was concurrently added without sterilization through a membrane filter. The temperature was kept at -1῎ and nitrogen gas was sparged at *.-vvm through the medium to maintain anaerobic conditions. An antifoaming agent (KM-1,F, Shin-Etsu Chemical, Tokyo, Japan) was added when necessary. The pH of the medium was kept at ../ by addition of . N NaOH solution using a peristaltic pump coupled to a pH controller. The culture broth was agitated at .** rpm for 2 hr and then agitated at ,** rpm to avoid sedimentation of the rice bran and the cells of lactic acid bacteria.
In other SSF experiments, McIlvaine bu#er (a mixture of *.+ M citric acid and *.+ M sodium phosphate dibasic, pH ../ or ..*) was used instead of MRS medium. The rice bran without sterilization was suspended at +** kg m ῌ-in McIlvaine bu#er. After addition of the seed culture and the amylase-cellulase mixture, the rice bran suspension in the bu#er was incubated in a similar manner to the experiments using the modified MRS medium as described above.
Analytical methods The cell concentration was de-termined by measuring the OD at 00* nm. The numbers of living cells of inoculated lactic acid bacteria in the SSF broth and indigenous bacteria in defatted rice bran were concurrently measured as colony forming units (CFU) on a modified MRS agar plate at pH 0.2. The colonies of each type of lactic acid bacteria inoculated were distinguished from those of the indigenous bacteria based on the di#erences in color and form between the bacteria. The concentration of living cells for each type of bacteria was expressed as CFU cm ῌ-. The concentrations of organic acids were determined by high performance liquid chromatography (HPLC) using a Shim-pack SCR-+*,H column (Shimadzu, Kyoto, Japan) and an electrical conductivity detector. The optical purity of lactic acid was determined using a chiral column (SUMICHIRAL OA-/*** L, Sumika Chemical Analysis Service, Osaka, Japan). The concentrations of total soluble sugar and glucose were determined by the phenol-sulfuric acid method (Dubois et al., +3/0) , and a glucose oxidase-peroxidase kit (Glucose CII-Test Wako, Wako Pure Chemical Industries, Osaka, Japan), respectively.
Results and Discussion
Selection of lactic acid bacteria Our previous results (Tanaka et al., ,**0) revealed that the indigenous lactic acid bacteria in defatted rice bran produced racemic lactic acid by SSF at pH 0.*ῌ0.2 and that maintenance of the pH of the medium at a low level made it possible to suppress the growth of indigenous bacteria. On the basis of these findings, growth rate at a low pH, yield of lactic acid from glucose, and optical purity of lactic acid produced were employed as criteria for selecting lactic acid bacteria favorable for the production of optically pure L-lactic acid from defatted rice bran without sterilization. Figure + shows a comparison of growth properties and L-lactic acid production capabilities among twenty-one types of lactic acid bacteria. The bacteria, which were isolated from rivers, soils, rice, food wastes and so on before being stored in our laboratory, were tested as described in Materials and Methods. The bacteria were divided into three groups based on their lactic acid yields. The numbers of bacterial strains which produced yields of *.0ῌ*.1/ kg/kg, *.2ῌ*.3 kg/kg, and more than *.3 kg/kg were six, six, and nine, respectively. As shown in Fig. +A , eleven strains had specific growth rates of more than *., hr ῌ+ at an initial pH of ../. Nine strains produced L-lactic acid of high optical purity, but of these, five strains did not produce a high yield, as shown in Fig. +B . Of the nine bacterial strains which produced lactic acid with a yield of more than *.3 g/g, none possessed both a high specific growth rate at pH ../ and the ability to produce pure L-lactic acid. However, there were four strains that could produce almost-pure L-lactic acid with a high yield, although their specific growth rates at pH ../ were around *.+ hr ῌ+ . These four strains (Nos. +-, +0, +2, and +3) were further investigated in detail.
Production of lactic acid by SSF using MRS medium Rice bran usually contains indigenous microorganisms. Since it is di$cult to achieve sterilization of microorganisms attached to solid organic matter, much heat energy is required for complete sterilization. In our previous study, we showed that control of the pH of the MRS medium at ../ῌ/.* could suppress the growth of indigenous microorganisms in defatted rice bran without sterilization, and that ,2 kg m ῌ-of optically pure D-lactic acid was successfully produced from +** kg m ῌ-defatted rice bran by SSF at pH /.* by Lactobacillus delbrueckii NBRC (IFO) -,*, (Tanaka et al., ,**0). Based on the our previous results, we cultivated the four selected strains at pH ../ in MRS medium containing unsterilized defatted rice bran and an unsterilized mixture of amylase and cellulase. Figure , shows the results of L-lactic acid production from +** kg m ῌ-defatted rice bran by each strain of lactic acid bacterium. Concentrations of total soluble sugar and glucose increased initially and then decreased after .ῌ2 hr. In all SSF processes, glucose formed by enzymatic hydrolysis was consumed completely in up to +, or ,. hr by each bacterial strain, but about / kg m ῌ-of total soluble sugar remained after -0 hr. Arabinose and unknown sugars were detected among the remaining sugars by HPLC (data not shown). Lactic acid was produced from . hr and the final concentrations were more than ,/ kg m ῌ-. Little or no formic or acetic acid was detected in the medium. However, as shown in Figs. ,C and ,D, growth of indigenous lactic acid bacteria was observed when strains Nos. +2 and +3 were used for SSF. Consequently, the optical purity of lactic acid produced was low, as described below (see Table + ). When strain No. +-or No. +0 was inoculated into MRS medium without sterilization, the concentrations of living cells increased to more than +* +* CFU cm ῌ-at +* hr and then remained at high levels. Although unsterilized defatted rice bran was added to the MRS medium, no other type of lactic acid bacterium was detected. The results were identical to those obtained for D-lactic acid production by L. delbrueckii NBRC (IFO) -,*, (Tanaka et al., ,**0). When strain No. +-or No. +0 was used, the SSF process resulted in production of lactic acid with high optical purity from unsterilized defatted rice bran, as described below (see Table + ).
Production of lactic acid by SSF using McIlvaine bu#er Lactic acid bacteria are known to be fastidious microorganisms and have complex nutrient requirements due to their low capability of biosynthesizing B-vitamins and amino acids. In previous works on lactic acid production (Hofvendahl and Hahn-Hägerdal, ,***), a considerable amount of an expensive complex nitrogen source such as yeast extract was added as a supplement to the medium when raw starchy materials such as barley, corn, and wheat, as well as refined sugars such as glucose and sucrose, were used as carbon sources. However, economic analysis of lactic acid production has shown that yeast extract is the largest cost contributor, accounting for about -2ῌ of the total production cost (Tejayadi and Cheryan, +33/) . To enhance the economics of lactic acid production by lactic acid bacteria, there have been many studies on the possibility of replacing the costly yeast extract with less expensive sources of nitrogen and amino acids (Hujanen and Linko, +330 ; Yoo et al., +331 ; Kurbanoglu and Kurbanoglu, ,**-; Bustos et al., ,**.). In these studies, corn steep liquor (CSL), whey protein Table + . Production of L-lactic acid from defatted rice bran by simultaneous saccharification and fermentation. hydrolysate, barley malt sprouts, and grass extract were found to be the best economical alternatives. Recently, Oh et al., (,**/) reported that Enterococcus faecalis produced lactic acid with ,.0 kg m ῌ-hr ῌ+ of lactic acid productivity and /.3 kg m ῌ-of maximal dry cell weight from whole wheat flour hydrolysed by amylolytic enzymes after pretreatment with *.-ῌ (v/v) sulfuric acid, without additional nutrients. The authors also showed that the addition of +/ kg m ῌ-of CSL and +./ kg m ῌ-of yeast extract to the hydrolysate resulted in /.. kg m ῌ-hr ῌ+ of high lactic acid productivity and +..+ kg m ῌ-of maximal dry cell weight.
We attempted to produce lactic acid from unsterilized defatted rice bran by SSF at pH ../ without addition of MRS medium constituents. McIlvaine bu#er (pH ../) was used for the SSF process instead of MRS medium, as described in Materials and Methods. Figure - shows the results of L-lactic acid production from +** kg m ῌ-unsterilized defatted rice bran by each lactic acid bacterial strain. Concentrations of total soluble sugar and glucose initially increased and then decreased after 2 hr. Concentrations of total soluble sugar and glucose formed by enzymatic hydrolysis were higher than those obtained in SSF processes using MRS medium, suggesting decreased consumption by lactic acid bacteria. Except for strain No. +- (Fig. -A) , the lactic acid bacteria consumed glucose completely up to ,. hr, but / kg m ῌ-of total soluble sugar remained after -0 h, similar to the pattern shown in Fig. , . Strain No. +-was unable to grow in the SSF process when the bu#er was used, and growth of indigenous lactic acid bacteria in the rice bran was observed, as shown in Fig. -A. For strains Nos. +2 and +3, lactic acid was produced from . or 2 hr, and the final concentrations were more than ,0 kg m ῌ-, which is higher than those of the SSF processes using MRS medium. These results suggested that the protein fraction in defatted rice bran supported the growth of lactic acid bacteria, including some indigenous lactic acid bacteria. In fact, growth of indigenous lactic acid bacteria was observed as shown in Fig. - , except for strain No. +0, and concentrations of acetic acid detected were significantly higher than those of SSF processes using MRS medium as described below (see Table   + ). In addition, the growth of indigenous lactic acid bacteria resulted in the production of lactic acid with low optical purity, as described below (see Table + ). When strain No. +0 was inoculated into defatted rice bran suspension, the initial growth rate was slower than that observed for SSF using MRS medium. However, no growth of any indigenous lactic acid bacteria was observed, and the concentrations of living cells increased to more than +* +* CFU cm ῌ-at ,. hr and then remained at high levels throughout the SSF process. The use of strain No. +0 allowed production of lactic acid with relatively high optical purity from unsterilized defatted rice bran as described below (see Table + ). The results were similar to that of L-lactic acid production by SSF using MRS medium.
Improvement of lactic acid production by SSF using McIlvaine bu#er As described above, strain No. +0 successfully produced about ,2 kg m ῌ-of optically pure Llactic acid from +** kg m ῌ-defatted rice bran by SSF in McIlvaine bu#er without additional nutrients. However, similarly to SSF processes using the other strains, increases in the concentrations of acetic and formic acids were observed, as shown in Fig. -. Since the MRS agar plate assay at pH ../ made it impossible to detect all living cells in the SSF process, satisfactory repression of the growth of indigenous microorganisms in unsterilized defatted rice bran may not be possible only by maintaining a pH of ../. To improve the optical purity of the lactic acid produced, we attempted to produce lactic acid from unsterilized rice bran by SSF using a bu#er in which the pH was controlled at ..* or the initial cell concentration was elevated to OD00*῍+.*. Figures .A and .B show the results of lactic acid production by SSF with a controlled pH of ..* (OD00*῍*.+) and with an initial cell concentration of OD00*῍+.* (pH ../), respectively. By maintaining the pH at ..*, the growth rate of strain No. +0 was lowered, and sugar consumption and lactic acid production were both retarded, as shown in Fig. . A. However, a high lactic acid production rate was observed for cells at a higher initial concentration, as shown in Fig. . B. In SSF with pH ..*, the concentration of lactic acid produced and its optical purity were similar to those obtained in SSF with pH ../ (Fig. -B) . When the initial cell concentration was OD00*῍+.*, the concentration of lactic acid produced was almost the same as that obtained in SSF with pH ../ (Fig. -B) , but the optical purity of the lactic acid increased slightly.
Comparison of lactic acid production from defatted rice bran Table + shows a comparison of lactic acid production from unsterilized rice bran among di#erent SSF processes. When strains Nos. +2 and +3 were used, the optical purity of lactic acid produced was low due to production of racemic lactic acid by indigenous lactic acid bacteria in the defatted rice bran. Strain No. +-produced about ,3 kg m ῌ-of relatively optically pure L-lactic acid from +** kg m ῌ-defatted rice bran by SSF using MRS medium. However, for SSF using strain No. +-and McIlvaine bu#er, the optical purity of lactic acid produced was low due to production of racemic lactic acid by indigenous lactic acid bacteria in rice bran. In SSF using strain No. +0, ,1ῌ,2 kg m ῌ-of relatively optically pure L-lactic acid was produced from +** kg m ῌ-defatted rice bran when both MRS medium and McIlvaine bu#er were used as media. Moreover, control of the pH at ..* had little or no e#ect on the optical purity of lactic acid produced, but enhancement of the initial cell concentration of strain No. +0 resulted in a slight increase in optical purity. The ratio of L-and D-lactic acids was 3/ : /. The increase in optical purity seems to be attributable to suppression of indigenous lactic acid bacteria in defatted rice bran in the early phase of SSF.
We conducted identification tests on strain No. +0 using an API /* CHL bacterial identification kit, which tests acid formation from various sugars and sugar alcohols (data not shown). By this analysis, the strain was identified as Lactobacillus rhamnosus. The results obtained will be reported elsewhere, together with the biochemical properties of the strain.
Conclusion
On the basis of our previous findings, we selected lactic acid bacteria favorable for production of optically pure L-lactic acid from defatted rice bran without sterilization. SSF processes using strains Nos. +-and +0 in MRS medium at pH ../ resulted not only in lack of growth of indigenous lactic acid bacteria in defatted rice bran but also in the production of ,1ῌ,3 kg m ῌ-of lactic acid with high optical purity from +** kg m ῌ-of unsterilized defatted rice bran. In an SSF process using McIlvaine bu#er (pH ../) instead of MRS medium, no growth of indigenous lactic acid bacteria was observed, and strain No. +0 produced ,2 kg m ῌ-of relatively optically pure lactic acid from +** kg m ῌ-of unsterilized defatted rice bran. The protein fraction in defatted rice bran was found to support the growth of lactic acid bacteria. When the initial cell concentration of strain No. +0 was elevated to OD00*῍+.* in a SSF process using McIlvaine bu#er (pH ../), the amount of L-type lactic acid produced increased to 3/ῌ.
